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We study the discovery potential of the charged Higgs boson via cg → bH+ → btb¯ at the LHC.
The c¯bH+ and t¯bH+ couplings, proportional to ρtcVtb and ρttVtb, respectively, arise in the general
two Higgs Doublet Model with extra top Yukawa couplings ρtc and ρtt, which may be connected to
the Baryon Asymmetry of the Universe. For ρtc, ρtt ∼ 0.5 and mH± ∼ 300–500 GeV, data at hand
could already show evidence, while discovery is possible with 300 fb−1.
Introduction.— The discovery of the 125 GeV scalar bo-
son h [1] completes the Standard Model (SM) of particle
physics. Subsequent measurements [2] find that h(125)
closely resembles the SM Higgs boson, but nothing for-
bids the existence of a second scalar doublet (2HDM).
Thus, extra scalar boson search is mandatory. In this
Letter we propose a novel search for the charged Higgs
boson, H+, via the cg → bH+ process (see Fig. 1).
In the usual type II 2HDM [3], i.e. 2HDM-II, where
up- and down-type quarks receive mass from separate
doublets, the c¯bH+ coupling is suppressed versus t¯bH+
by the Cabibbo-Kobayashi-Maskawa (CKM) matrix el-
ement ratio |Vcb/Vtb|, hence the cg → bH+ cross sec-
tion is rather small. But in the general 2HDM (g2HDM)
that has extra Yukawa couplings, the c¯bH+ and t¯bH+
couplings are proportional to ρtcVtb and ρttVtb, respec-
tively. Little is known about the strengths of the ex-
tra top Yukawa couplings [4] ρtc and ρtt, and if each
are O(1), they facilitate the production and decay of
cg → bH+ → btb¯ [5], with signature of lepton plus miss-
ing energy and three b-tagged jets. It is known [6] that
ρtc and ρtt at O(1) can each drive electroweak baryogen-
esis (EWBG), hence account for the Baryon Asymmetry
of the Universe (BAU). This lends strong motivation for
cg → bH+ → btb¯ search.
We show that the H+ boson in g2HDM, and its com-
panion CP -even/odd bosons H, A, can be sub-TeV in
mass while satisfying all known constraints. With ab-
sence of New Physics signature so far at the LHC, we
show that full Run 2 data could already give evidence
for cg → bH+, leading to discovery at Run 3 and be-
yond.
Dimension-4 Higgs Couplings.— In the Higgs basis, the
most general CP -conserving potential [7] for g2HDM can
be written in the notation of Ref. [8] as
V (Φ,Φ′) = µ211|Φ|2 + µ222|Φ′|2 − (µ212Φ†Φ′ + h.c.)
+
1
2
η1|Φ|4 + 1
2
η2|Φ′|4 + η3|Φ|2|Φ′|2 + η4|Φ†Φ′|2
+
[
1
2
η5(Φ
†Φ′)2 +
(
η6|Φ|2 + η7|Φ′|2
)
Φ†Φ′ + h.c.
]
, (1)
where all quartic couplings ηi are real, Φ gets vacuum
expectation value v, i.e. µ211 = − 12η1v2 < 0, while 〈Φ′〉 =
0 hence µ222 > 0. The minimization condition µ
2
12 =
1
2η6v
2 reduces the number of parameters to nine [8].
Reading off from Eq. (1), one has m2
h(0)
= η1v
2 and
m2H(0),A = µ
2
22 +
1
2
(η3 + η4 ± η5)v2, (2)
m2H± = µ
2
22 +
1
2
η3v
2, (3)
where µ222 is the decoupling “inertia”, and η6 further
mixes h(0) and H(0) into the physical h and H bosons. It
was shown [8] that the curious alignment phenomenon,
that the h–H mixing angle cγ ≡ cos γ seems rather small
(by h resembling well [2] the SM Higgs boson), does not
demand small η6, nor η1 ∼= m2h/v2.
The Yukawa couplings to quarks are [7, 8]
L = − 1√
2
∑
F=U,D
F¯i
[(− λFi δijsγ + ρFijcγ)h
+
(
λFi δijcγ + ρ
F
ijsγ
)
H − i sgn(QF )ρFijA
]
RFj
−U¯i
[
(V ρD)ijR− (ρU†V )ijL
]
DjH
+ + h.c., (4)
where L,R = 1 ∓ γ5, and sγ ≡ sin γ. The Yukawa cou-
plings of A, H± do not depend on cγ . However, in the
alignment limit of cγ → 0, h couples diagonally while
H carries the extra Yukawa couplings ρFij . Thus, on top
of mass-mixing hierarchy protection [9] of flavor chang-
ing neutral Higgs (FCNH) couplings, the emergent align-
ment phenomenon provides [8] further safeguard, and the
Natural Flavor Condition (NFC) of Glashow and Wein-
berg [10] is not necessary. The importance of ρtt and ρtc
was emphasized [4] since the h(125) discovery, and was
subsequently shown [6] to be able to drive EWBG.
In this Letter, we take mH+ > mt and focus on the
cg → bH+ → btb¯ process at the LHC, for ρtc and ρtt
c
g
c
b
H+
g
c
b¯
H+
b
FIG. 1. Feynman diagrams for cg → bH+.
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FIG. 2. Scan points in mH–mA plane that pass positiv-
ity, perturbativity, tree-level unitarity and T parameter con-
straints.
η2 η3 η4 η5 η7
µ222
v2
mH+ mA mH
BP1 1.40 0.62 0.53 1.06 −0.79 1.18 300 272 372
BP2 0.71 0.69 1.52 −0.93 0.24 3.78 500 569 517
TABLE I. Benchmark points BP1 and BP2, where taking
η6 = 0 implies η1 ∼= 0.258. Higgs masses are in GeV units.
both finite. The signature is one lepton plus missing
transverse energy (EmissT ), and three b-tagged jets.
Constraints on Higgs Sector Parameters.— The cou-
plings in Eq. (1) need to satisfy positivity, perturba-
tivity and tree-level unitarity, which we implement via
2HDMC [11]. We express [7, 8] η1, η3−6 in terms of µ22,
mh, mH , mA, mH± (all normalized to v) and mixing an-
gle γ, plus η2, η7 that do not enter Higgs masses. To find
the parameter space for fixed mH± , we randomly gener-
ate the parameters in the ranges η2 ∈ [0, 3], η7 ∈ [−3, 3],
µ22 ∈ [0, 1000] GeV, and mA, mH ∈ [mH± − mW , 650
GeV] to forbid H± →W±A, W±H. To avoid facing too
many minor constraints, we take cγ = 0 while satisfying
mh ∼= 125 GeV, hence [8] η6 = 0 and η1 = m2h/v2. Thus,
e.g. ρtc is not constrained by t→ ch decay.
The randomly generated parameters are passed to
2HDMC for scanning. With v implicit, 2HDMC uti-
lizes [11] mH± and Λ1−7 as input in the Higgs basis,
which we identify with η1−7 and take −pi/2 ≤ γ ≤ pi/2,
while positivity requires η2 > 0. Together with other
more involved conditions in 2HDMC, we conservatively
demand all |ηi| ≤ 3. We then impose the stringent T pa-
rameter constraint from electroweak precision measure-
ments, which restrict the scalar masses mH , mA and
mH± [12, 13], and hence ηis.
We plot in Fig. 2 the “scan points” that satisfy 2σ
T parameter constraint [14] in the mH–mA plane for
mH± = 300 and 500 GeV, which illustrates that finite
parameter space exists. A benchmark is chosen for each
mH± value for illustration, with parameters as given in
Table I. A more detailed discussion on the scanning pro-
cedure can be found in Ref. [15].
Note that the cg → bH+process does not depend on
the mixing angle cγ that we took as 0. For simplicity we
set all ρij couplings, except ρtt and ρtc, to zero.
Flavor Constraints on ρtt and ρtc.— Flavor constraints
are not particularly strong [4, 16], with Bq mixings pro-
viding the most stringent constraint on ρtt if mH+ . 500
GeV. A ρct term in the box diagrams involving H
+ for
the mixing amplitude Mq12 receives |Vcq/Vtq| ∼ 25 en-
hancement [16] for q = d, s, hence ρct must be turned
off. Assuming ρtt 6= 0 while all other ρij vanish, we have
Mq12/M
q
12|SM = CBq , with negligible phase. Allowing 2σ
error on CBd = 1.05±0.11 and CBs = 1.110±0.090 from
summer 2018 UTfit [17], we find the blue shaded exclu-
sion region (extending to upper-right) in Fig. 3, where the
left (right) panel is for BP1 (BP2). Bq mixing constraints
on ρtc arise from H
+ coupling in charm loops [18], but is
weaker than the one on ρtt given in Fig. 3.
B → Xsγ provides a strong constraint on mH+ in
2HDM-II, but weakens for g2HDM. In fact, due to an
mt/mb enhancement factor, B → Xsγ constrains ρbb
more strongly [16] than ρtt. Since we treat ρbb as small,
the constraint on ρtt from B → Xsγ falls outside of the
plotted range in Fig. 3. The B → Xsγ constraint on ρtc
through charm loop is weaker than from Bq mixings [16].
Overall, because of many parameters that enter, we view
the true constraints from B → Xsγ on H+ parameters,
in particular on mH+ , as still an open issue.
Collider Constraints on ρtt and ρtc.— A nonvanishing
ρtt can lead to bg → t¯(b)H+ [19], followed by H+ → tb¯
(charge conjugate process implied). Current searches at
13 TeV provide model independent bounds on σ(pp →
t¯(b)H+)B(H+ → tb¯), for mH+ = 200 GeV to 2 and
3 TeV for ATLAS [20] and CMS [21], respectively.
Using the Monte Carlo (MC) event generator Mad-
Graph5 aMC@NLO [22] with default NN23LO1 parton
distribution function (PDF) [23] and effective model im-
plemented in FeynRules 2.0 [24], we calculate σ(pp →
t¯(b)H+) (H+ → tb¯) at leading order (LO) for a reference
|ρtt|, then rescale by |ρtt|2 B(H+ → tb¯) to get the upper
limits. For mH± = 300 and 500 GeV, we digitize the fig-
ures of ATLAS (CMS) and extract the 95% C.L. bounds
on ρtt, which are plotted as the red (purple) shaded re-
gions in Fig. 3, with ρtc = 0 hence B(H+ → tb¯) ∼ 100%.
The ATLAS/CMS limit is more/less stringent than the
Bq mixing limit for BP1 (mH+ = 300 GeV), while the
situation is reversed for BP2 (mH+ = 500 GeV). We have
overlaid the exclusion bands to illustrate this.
Heavy Higgs search via gg → H/A→ tt¯ can constrain
ρtt. With ∼ 20 fb−1 at 8 TeV, the ATLAS [25] search
starts from mA/H = 500 GeV, while with ∼ 36 fb−1 at
13 TeV, CMS constrains the “coupling modifier” [26] for
mA/H = 400–750 GeV for various ΓA/H/mA/H values.
BP1 is below the search range for both ATLAS and CMS,
but bounds on BP2 are found to be weaker than the
right panel of Fig. 3. We return to the CMS “excess”
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FIG. 3. Constraint from Bq mixings on ρtt (blue shaded region with area to upper right excluded) assuming all other ρij = 0.
The excluded regions from bg → t¯(b)H+ → t¯(b)tb¯ searches by ATLAS [20] and CMS [21] are overlaid (purple and red shaded),
while corresponding dashed curves illustrate the weakened limits for turning on ρtc = 0.4.
at mA ∼ 400 GeV [26] below. The CMS 4t search [27]
also constrains ρtt. Based on 137 fb
−1 at 13 TeV, it sets
limits on σ(pp → tt¯A/tt¯H)B(A/H → tt¯) for mA/H =
[350, 650] GeV, but the bound on ρtt is also weaker than
Fig. 3. Based on number of b-jets and leptons and some
selection criteria, the CMS 4t study [27] gives various
signal regions (SRs), which we shall return to below.
The CMS 4t search [27] puts stronger constraint on
ρtc than flavor. It arises from the CRW, or Control Re-
gion for tt¯W background, defined by same-sign di-leptons
(e or µ), up to five jets with at least two b-tagged, and
some pmissT . With ρtc 6= 0, the cg → tH/tA → ttc¯ pro-
cess [28] with the same-sign top both decaying semilep-
tonically, contributes. We follow Refs. [29, 30] to extract
constraints. Generating events as before, we interface
with PYTHIA 6.4 [31] for showering and hadronization,
adopt MLM matching [32] for matrix element and par-
ton shower merging, then feed into Delphes 3.4.2 [33]
for CMS-based fast detector simulation, including b-
tagging and c- and light-jet rejection. Setting all other
ρij = 0 (including ρtt), we demand the expected number
of events in CRW, including those from cg → tH/tA →
ttc¯ [28], agree within 2σ uncertainty of observed events.
We find ρtc & 0.4 (0.5) is excluded for BP1 (BP2).
We remark that the ATLAS search for same-sign di-
leptons and b-jets [34] impose stronger cuts and does
not give relevant constraints. Likewise, supersymmetry
search in similar event topologies in general involve much
stronger cuts and do not give meaningful constraints.
So far we have assumed either ρtt, or ρtc, is non-zero.
The constraints on ρtt from gb → t¯bH+ [20, 21], gg →
A/H → tt¯ [25, 26], tt¯A/tt¯H → tt¯tt¯ [27] would all soften
with finite B(H+ → cb¯) and B(A/H → tc¯+ t¯c) for ρtc 6=
0, while the constraint on ρtc from 4t CRW would soften
with B(A/H → tt¯) for ρtt 6= 0. The most stringent
constraint then arises [30] from SR12 of Ref. [27].
SR12 of CMS 4t search requires at least three leptons,
four jets with at least three b-tagged [27], plus pmissT . Fi-
nite ρtc and ρtt together generate the cg → tH/tA→ ttt¯
process [28] that feeds SR12 if all three top quarks decay
semileptonically. CMS observed 2 events in SR12, with
2.62±0.54 events expected. Assuming all other ρijs van-
ish and Gaussian behavior for simplicity, we demand the
number of expected events in SR12, including those from
cg → tA/tH → ttt¯, agree within 2σ uncertainty of ob-
served events. Taking ρtc = 0.4 for BP1 from 4t CRW, we
find ρtt ∼ 1 is allowed. Some tension with bg → t¯(b)H+
constraint is softened by having both ρtc and ρtt, as il-
lustrated by the purple (ATLAS) and red (CMS) dashed
curves in the left panel of Fig. 3. We take ρtc = 0.4, and
conservatively ρtt = 0.6, as yardstick for BP1. We take
the same values for BP2, which is conservative.
Collider Signature for cg → bH+ → btb¯.— We now show
that the cg → bH+ → btb¯ process is quite promising. To
be conservative, we take |ρtc| = 0.4 and |ρtt| = 0.6 for
both BPs in our analysis for illustration. The branching
ratios for H+ → cb¯, tb¯ are (neglecting minor effects) 50%
each for BP1, and 36% vs 64% for BP2.
The cg → bH+process gives rise to pp→ bH+ +X →
btb¯ + X, with t → b`ν` (` = e, µ), or the signature
of one charged lepton, three b-jets, plus EmissT . Sub-
dominant contributions such as PDF-suppressed bg →
c¯H+, t¯H+ → c¯tb¯, t¯cb¯ with c-jet mistagged as b-jet, and
ρtt-induced bg → t¯H+ → t¯tb¯ with one top decaying
hadronically, are included as signal. One can also have
cb¯→ H+ → cb¯ and cb¯→ H+ → tb¯, but these suffer from
QCD and top backgrounds. The dominant backgrounds
for cg → bH+arise from tt¯+jets, t- and s-channel single-
top (tj), Wt+ jets, with subdominant backgrounds from
tt¯h and tt¯Z. Minor contributions from Drell-Yan and
W+jets, 4t, tt¯W , tWh are lumped under “other”.
Signal and background samples are generated at LO
for 14 TeV as before by MadGraph5 aMC@NLO [22]
with NN23LO1 [23] PDF, then interfaced with PYTHIA
6.4 [31] for hadronization and showering plus MLM
matching [32], then fed finally into Delphes 3.4.2 [33] for
fast detector simulation adopting default ATLAS-based
detector card, including b-tagging and light jet rejection.
4tt¯js tj Wtjs tt¯h tt¯Z other Btot Sig
BP1 1546 42 27 4.2 1.5 3.1 1627 11.4
BP2 1000 27 16 2.9 1.2 1.9 1049 9.3
TABLE II. Background and signal (Sig, for ρtc = 0.4, ρtt =
0.6) cross sections (in fb) at 14 TeV after selection cuts.
The LO tt¯+jets background is normalized to NNLO by
a factor 1.84 [35], and factors of 1.2 and 1.47 [36] for t-
and s-channel single-top. The LOWt+jets background is
normalized to NLO by a factor 1.35 [37], whereas the sub-
dominant tt¯h, tt¯Z receive factors of 1.27 [38], 1.56 [39].
The DY+jets background is normalized to NNLO by fac-
tor 1.27 [40]. Finally, the 4t and tt¯W− (tt¯W+) cross sec-
tions at LO are adjusted to NLO by factors of 2.04 [22]
and 1.35 (1.27) [41]. The tWh and W+jets backgrounds
are kept at LO. Correction factors for other charge con-
jugate processes are assumed to be the same, and the
signal cross sections are kept at LO.
Events are selected with one lepton, at least three jets
with three b-tagged, and EmissT > 35 GeV. Jets are re-
constructed by anti-kt algorithm using radius parameter
R = 0.6. The pT of the lepton should be > 30 GeV, with
all three b-jet pT > 20 GeV, and pseudo-rapidity (|η|) of
lepton and b-jets < 2.5. The ∆R separation between a
b-jet and the lepton, or any b-jet pair, should be > 0.4.
The sum of transverse momenta HT of the lepton and
three leading b-jets should be > 350 (400) GeV for BP1
(BP2). Wet have not optimized the selection cuts for HT ,
pT , E
miss
T etc. The total background cross section Btot
after selection cuts and its various components, together
with the signal cross section Sig, are shown in Table II.
We estimate the statistical significance with Z =√
2[(S +B) ln(1 + S/B)− S] [42]. From Table II, for full
Run 2 data (∼ 137 fb−1), 300 and 600 fb−1, the discov-
ery potential for cg → bH+ is at ∼ 3.3σ, 4.9σ, 6.9σ for
BP1, and ∼ 3.4σ, 5.0σ, 7.1σ for BP2. Thus, full Run 2
data could already give strong evidence, while discovery
is possible with full Run 2+3 data and beyond.
We discuss the impact of other ρij 6= 0 before closing.
These will open up other H± decay modes and dilute
the significance. However, taking ρii ∼ λi as estimate,
i.e. ρbb ∼ λb, ρττ ∼ λτ , the impact is inconsequential, as
B(H+ → τ+ντ ) and change in B(H+ → t¯b) are tiny.
Discussion and Summary.— It is worth mentioning a
3.5σ local (1.9σ global) excess reported by CMS [26] in
gg → A → tt¯ search for mA ≈ 400 GeV. The excess
can be explained [30] in g2HDM if ρtt ∼ 1.1, ρtc ∼ 0.9,
with mH , mH± & 500 GeV, which has strong implica-
tions on the cg → bH+ signature. Following the same
analysis as for BP2, we find ∼ 10.8σ significance with
full Run-2 data! Thus, if the excess is confirmed, then
a cg → bH+discovery is already in the waiting within
Run 2 data, or the cg → bH+process could pose trouble
for the g2HDM interpretation of the excess.
The coupling ρtu can induce ug → bH+ → btb¯, but
the valance PDF means much stronger constraint from
CRW and SR12 of Ref. [27], which weakens for larger
ρtt. Taking ρtt = 0.6 and setting other ρij = 0, we
find CRW of Ref. [27] excludes |ρtu| & 0.1 (0.2) for BP1
(BP2) at 95% C.L., with SR12 constraint weaker. Taking
ρtu = 0.1, ρtt = 0.6 and following the analysis as before,
we find ∼ 3.2σ (2.7σ) significance for BP1 (BP2) with full
Run-2 data. If ρtu-induced bH
+ production dominates,
with valence PDF in pp collisions, there would be an
asymmetry with respect to b¯H−, or tb¯bb¯ vs t¯bbb¯ charge
asymmetry. The contributions from bg → u¯H+ → u¯tb¯
and t¯H+ → t¯ub¯ are negligible. We note that B → µν¯
probes [43] the product of ρtuρτµ at Belle II.
One may have same-sign top signature via cg →
tA/tH → ttc¯. Following the same analysis of Refs. [28,
29], we find BP1 may have ∼ 3.5σ significance with full
Run-2 data, but below ∼ 1σ for BP2 due to dilution from
A/H → tt¯ decay and falling parton luminosity.
Single-top production may receive contribution from
cg → bH+. For ρtc = 0.4 and ρtt = 0.6, we find the
combined cross sections for pp → H±[tb]j, H±[cb]t can
contribute to single-top at 15.2 (2.9) pb for BP1 (BP2),
which is well within the 2σ error of current t-channel
single-top [44, 45] measurements. The situation is similar
for Run 1 s-channel single-top measurements.
We have not included uncertainties from scale depen-
dence and PDF [46, 47], where the latter is sizable for
heavy quark initiated processes. Using LO signal cross
sections can also bring in some uncertainties, e.g. higher
order corrections [37, 48] to σ(bg → tH+) may be 30–
40% for mH± ∼ 300–500 GeV. A detailed study of such
uncertainties is left for the future. It is in part for these
reasons that we use conservative ρtc, ρtt values.
Finally, our mass range of 300–500 GeV is not just
because it is promising. For higher mass, the significance
can still be high for larger ρtc, ρtt values, but the role
of the decoupling µ222 would strengthen [8], as one can
already glimpse from BP2 in Table I, and would start to
damp the motivations such as EWBG.
In summary, extra top Yukawa couplings ρtc and ρtt
enter c¯bH+ and t¯bH+ couplings without CKM suppres-
sion, leading to the cg → bH+ → btb¯ process with signa-
ture of lepton plus missing ET with three b-jets. We show
that, for conservative ρtc, ρtt ∼ 0.5, evidence could al-
ready emerge with full LHC Run 2 data for mH+ = 300–
500 GeV, and discovery at 300 fb−1 and beyond.
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